The proteinaceous paracrystaline structures called spindles that are produced by some entomopoxviruses (EPVs) are known to strongly enhance the infectivity of various nucleopolyhedroviruses (NPVs). These proteinaceous bodies thus may be potential synergists of bio-control agents (such as NPVs) for insect pests. Although the infectivity-enhancing ability of spindles needs to be highly stable when they are used as synergists in the field, little is known regarding the effects of various abiotic factors, e.g. high temperature and ultraviolet (UV) irradiation, on this stability. In the present study, we exposed Anomala cuprea EPV (AcEPV) spindles to various abiotic factors and examined their subsequent ability to enhance the infectivity of Bombyx mori NPV in B. mori larvae. The enhancing activity of AcEPV spindles was stable against high temperature, UV-B irradiation, ethyl alcohol, or the bactericide benzalkonium chloride and persisted after long exposure to formaldehyde. These results suggest that spindles are stable materials, even though they are composed of proteins, and thus are promising potential synergists of various viral insecticides.
INTRODUCTION
Many entomopoxviruses (EPVs) form proteinaceous paracrystalline structures called spindles. Spindles of some EPVs are known to strongly enhance the infectivity of various nucleopolyhedroviruses (NPVs) (Mitsuhashi et al., 1998; Wijonarko and Hukuhara, 1998; Furuta et al., 2001; Chakraborty et al., 2004) . The spindles also enhance EPV infection, which is thought to be a natural biological function of EPV spindles Mitsuhashi, 2002) . The mode of action by which spindles enhance viral infectivity is similar for both NPVs and an EPV and involves disruption of the peritrophic membrane of insects (Mitsuhashi and Miyamoto, 2003; . These findings suggest that EPV spindles might be potential synergists of NPVs and EPVs for the biological control of many insect pests in forestry and agriculture.
As synergists of the NPV insecticides, EPV spindles must retain their infectivity-enhancing activity, despite exposure to various environmental factors such as high temperature and sunlight (ultraviolet (UV) irradiation), for at least as long as NPVs are infectious to pests in the field. In addition, EPV spindles used as NPV synergists should be resistant to various chemicals that may be used during their purification and production. Nevertheless, little is known about the stability of spindles against such abiotic factors; Anomala cuprea EPV (AcEPV) spindles retained their ability to enhance AcEPV infection after the spindles had been heated at 70 or 75°C for 30 min (Mitsuhashi, 2002; . Spheroids, another type of proteinaceous paracrystalline structure, of Pseudaletia separata EPV (PsEPV) also have the ability to enhance the infectivity of Pseudaletia unipuncta NPV in P. separata larvae other than PsEPV spindles (Xu and Hukuhara, 1992; Wijonarko and Hukuhara, 1998) . However, in our system (AcEPV spheroids-lepidopteran NPV), spheroids have not demonstrated the enhancement of Bombyx mori NPV (BmNPV) infection (Mitsuhashi et al., 1998; Furuta et al., 2001; Mitsuhashi and Miyamoto, 2003) . These observations are supported by the finding that the protein of spindle, fusolin, is not detectable in AcEPV spheroids ; therefore, the few spheroids contaminating the spindle preparations that we used in the present study should not have enhanced BmNPV infection.
In this laboratory study, we examined whether AcEPV spindles exposed to abiotic factors retain sufficient infectivity-enhancing ability to merit their assessment as potential synergists of NPVs in field experiments.
MATERIALS AND METHODS

Insect and viruses.
Silkworm larvae (Bombyx mori N137ϫC146, C146ϫN137) are maintained in our institute and were reared on an artificial diet (Silkmate 2S; Nihon-nosan Co. Ltd., Tokyo, Japan) throughout the present study. The AcEPV spindles used in the present study were produced in A. cuprea larvae reared in our laboratory by feeding the larvae AcEPV spheroids. BmNPV, also maintained in our institute, was used. Spindles were purified from A. cuprea cadavers according to the method of Mitsuhashi and Miyamoto (2003) . Highly purified spindle preparations in sterile distilled water were obtained; each preparation contained only ca. 1% spheroids relative to the number of spindles. The spindle preparation used for experiment 4B was prepared from a different lot of pooled AcEPV-infected larvae than that for experiments 1 through 4A.
Exposure of spindles to abiotic factors. Purified AcEPV spindles were exposed to various abiotic factors and then all or part of each was used for bioassays.
High temperature (heating in a bath)-experiment 1A. A spindle sample (volume, 215 ml; the number of spindles, 1.35ϫ10 8 ) in a 1.5 ml Eppendorf tube was heated using a water bath (NWB-24S, Ikemotokogyo, Tokyo, Japan) at 75 or 85°C for 30 min, or using a block bath (DTU-113, TAITEC Corp., Saitama, Japan) at 95°C for 30 min. After heating, the tubes were cooled rapidly in cold water.
High temperature (autoclaving)-experiment 1B. A 1.5 ml Eppendorf tube with the lid open and containing 80 ml spindle sample (spindles, 9.6ϫ10 7 ) was placed in a micropipette-tip rack, and the cover of the rack replaced. Each rack containing the tube was then autoclaved at 121°C for 1 or 5 min.
UV irradiation-experiment 2. Three 20-W UV bulbs (TOSHIBA FL20S · E, Toshiba Corporation, Tokyo, Japan) were fixed in parallel, 6.8 cm apart, on the ceiling of a stainless steel box. A 5 ml spindle suspension (spindles, 2.3ϫ10 4 /ml) was poured into each sterile glass vial (height 6 cm, diameter 2.5 cm; RABOPAN, No. 6; AS ONE Co. Ltd., Osaka, Japan), which were left uncapped. Each glass vial was placed on a magnetic stirrer (RC-2, Tokyo Rikakikai Co., Ltd., Tokyo, Japan) just under the middle UV bulb. There was 17 cm between the surface of each suspension and the bulb. The vials were UV-B (wavelength range, 270-370 nm; peak, 315 nm)-irradiated by the three bulbs (irradiance; 182 mW/cm 2 just under 5 cm from the middle UV bulb) for 1, 12, or 24 h at 24°C. The front door of the box, which was set horizontally, was kept open during irradiation to prevent the temperature inside the box from rising excessively. The entire surface of the suspension was kept irradiated, and the spindles were kept suspended throughout exposure by stirring at a speed controller setting of 3. Soon after 12-h exposure of the spindle suspension to UV-B in the 24-h exposure experiment, the volume of the suspension was checked and 0.65 ml of sterile distilled water, which was equal to the volume decrease due to water evaporation, was added to the suspension.
Formaldehyde-experiment 3. Suspended spindles were treated in 3% formaldehyde (Nacalai Tesque, Inc., Kyoto, Japan) solution (final concentration of the spindles, 1.1ϫ10 6 /ml) in a 50 ml centrifugation tube (Asahi Techno Glass Co., Ltd., Chiba, Japan) for 0.5, 1, or 24 h. During each treatment, the spindles were kept suspended by shaking the tube with a shaker (BR-40LF, TAITEC Corp.) at 130 min Ϫ1 and 25°C. After treatment, each suspension was centrifuged, the supernatants discarded, and the resultant pellets were suspended in sterile distilled water and washed by centrifugation. Each washed pellet was suspended again in sterile distilled water.
The other chemicals (ethyl alcohol)-experiment 4A. Spindles were exposed to 75% ethyl alcohol (Nacalai Tesque, Inc.) in a 1.5 ml Eppendorf tube (volume, 700 ml; final concentration of the spin-dles, 2.3ϫ10 5 /ml) for 12 or 24 h. The other chemicals (benzalkonium chloride)-experiment 4B. Spindles were exposed to 0.2% benzalkonium chloride (Wako Pure Chemical Industries, Ltd., Osaka, Japan) in a 1.5 ml Eppendorf tube (volume, 1,225 ml; final concentration of the spindles, 3.0ϫ10 5 /ml) for 1 or 24 h. During exposure to chemicals in experiments 4A and B, the spindles were kept suspended by shaking the tube with a shaker (BR-40LF, TAITEC Corp.) at 130 min Ϫ1 and 25°C. After treatment, each suspension was centrifuged, and the supernatants discarded. The resultant spindle pellets were suspended in sterile distilled water and washed by centrifugation. Finally each washed pellet was suspended in sterile distilled water.
Bioassays. B. mori second-or third-instar larvae of the first day were placed at 1 per well of 12-or 24-well plates (MS-8024 R or MS-8210 R, Sumitomo Bakelite Co., Ltd., Tokyo, Japan) and allowed access to a small piece per larva of artificial diet (one piece per well, Silkmate 2S; 2.8ϫ2.8ϫ1.5 mm for each third-instar larva; 2.4ϫ2.4ϫ1.0 mm for each second-instar larva) onto which had been dripped the above-mentioned treated (exposed) or untreated (unexposed) spindles and/or BmNPV polyhedra, or sterile distilled water only (a 1.7 ml inoculum per a piece) at 25°C, 55% relative humidity. An artificial diet containing "1.0ϫ10 7 BmNPV polyhedra alone" for each larva in experiment 3 was prepared as follows, instead of the dripping of the inoculum onto them. A piece (12.0ϫ12.0ϫ1.0 mm) of Silkmate 2S was thoroughly kneaded with polyhedra suspension with gloved hands and then cut into ca. 5.8 mm 3 pieces with a clean edge. We used 12-well plates and third-instar larvae for experiment 1A and 24-well plates and second-instar larvae for the other experiments. Larvae that had completely consumed the diet within 1.5 days were regarded as "tested larvae" and were then individually reared on artificial diet (Silkmate 2S) free from spindles and BmNPV in plastic cups (Mineron Kasei Co., Ltd., Tokyo, Japan. For experiment 1A, cup diameter, 65 mm; height, 30 mm. For experiments 1B to 4, diameter, 50 mm; height, 30 mm) until the end of assays. In experiments 1A and 3, 24 larvae, numbered 1 to 24, were inoculated per type of inoculum (one type of treatment), and when more than 20 larvae had completely consumed the diet, 20 larvae with the lowest number among them were retained as tested larvae.
The death or survival of the larvae was monitored for a week after each larva was transferred to the plastic cup. In each experiment (1-4), random dead larvae were collected and their tissues assessed for the presence or absence of polyhedra by using a light microscope.
RESULTS
The results are shown in Tables 1 through 4. The result of control treatment (sterile-distilled water alone) is shown in each table as one of the results of the administration of "BmNPV polyhedra alone". Other than the bioassays (experiment 2) shown in Table 2 , we performed a bioassay as part of experiment 2. It was performed as one of the assays that evaluated whether the system of UV irradiation was free of factors, including BmNPV, that could disrupt our bioassays, during exposure to UV-B. This bioassay was performed in the same way as the bioassay that used spindles irradiated for 24 h without BmNPV in experiment 2, except that UV irradiation was omitted; spindles were stirred in the glass vial without a lid for 24 h in the UV-irradiation box. The result was that none of the 20 tested larvae died and showed that the setup during UV irradiation in experiment 2 was not contaminated by BmNPV. Numerous polyhedra were found in all dead larvae whose tissues were checked.
By comparing the LD 50 of B. mori larvae in bioassays using spindles exposed to abiotic factors with that in bioassays using unexposed spindles (Tables 1A, 2 , and 3) or mortality in bioassays using exposed spindles with that in bioassays using unexposed spindles (Tables 1B and 4) , AcEPV spindles were found to retain their ability to enhance BmNPV infectivity after exposure to most abiotic factors. In particular, the spindles retained their high activity after exposure to 95°C for 30 min (Table 1A) , although they were rapidly inactivated by autoclaving (121°C for 1 min) (Table  1B ). In addition, AcEPV spindles retained their high activity after exposure to UV-B for 24 h (Table  2) . Whereas spindles retained most of their activity after 1 h of exposure to 3% formaldehyde, their activity declined thereafter to almost zero after 24 h (Table 3) . AcEPV spindles were resistant to 24-h exposure to 75% ethyl alcohol or 0.2% benzalkonium chloride (Table 4A and B).
DISCUSSION
It is important for synergists of viral insecticides to withstand environmental factors, including high temperature and UV irradiation, to remain active as long as viral occlusion bodies do. Insect viral occlusion bodies lose their infectivity when exposed to even milder conditions in laboratories than those to which we subjected the spindles in the present study. For example, the infectivities of polyhedra of various NPVs are generally inactivated by heating at 70°C for 5 to 30 min (Kunimi, 1986; Harpaz and Raccah, 1978) except in the case of Trichoplusia NPV (82 to 88°C, 10 min; Gudauskas and Canerday, 1968) . BmNPV polyhedra lose their infectivity by heating at 70°C for 5 min (Aruga, 1973) . AcEPV spheroids lose their infectivity after treat-486 W. MITSUHASHI et al. a Log LD 50 was expressed by the 95% confidence limit of the Spearman-Kärber method (Finney, 1964 In this administration, most larvae had partly eaten the diet at the limit time; thus, the number of tested larvae was small. The number of spindles perorally inoculated per second-instar larva was 1ϫ10 6 . The number of dead larvae as a ratio of the number of live larvae in the same row followed by the same letter does not differ significantly at the level of pϽ0.05 as determined by the chi-square test. ment at 70°C for 30 min (Mitsuhashi, 2002) . As for UV irradiation, Aratake et al. (1972) indicated that BmNPV polyhedra were inactivated by UV irradiation at a distance of 30 cm for 30 min. A granulovirus formulation that contained Homona magnanima and Adoxophyes honmai granuloviruses occlusion bodies reduced its infectivity after 5 min of UV-B irradiation from a distance of 20 cm by UV bulbs (Asano et al., 2003) . The experimental conditions of these previous studies varied more or less from those in the present study, but data on the stabilities of occlusion bodies and spindles can still be compared. Our results thus strongly suggest that the infectivity-enhancing activity of AcEPV spindles is more stable against high temperature and UV irradiation than is the infectivity of occlusion bodies.
BmNPV polyhedra lost their infectivity after exposure to 1% formaldehyde for 32 min (Furuta, 1981) , which was a milder formaldehyde treatment than that in the present study. Furthermore, the present study indicates that the activity of AcEPV spindles is highly resistant to 75% ethyl alcohol and 0.2% benzalkonium chloride; this bactericide is generally used under milder conditions (0.1% solution for sterilization). Therefore, hygienic and pure spindles will likely be used as synergists of viral insecticides. The abiotic factors examined here act in such a way that they denature protein; the action mechanism of benzalkonium chloride is unclear, although the compound is an invert soap. More precisely, high temperature and UV irradiation physically denature protein, and formaldehyde and ethyl alcohol denature proteins through cross-linking and dehydration, respectively. Our results, however, indicate that the spindles are resistant to abiotic factors even though they are composed of protein. Perhaps the molecular organization of spindle or the threedimensional structure of a functional motif (possibly the chitin-binding domain) in fusolin is responsible for the resistance of spindles to high temperature, UV irradiation, and formaldehyde. Elucidation of the molecular organization of spindle or the three-dimensional structure of the motif may yield new information on the stability of proteins.
We have observed that AcEPV spindles enhance the infectivity of various NPV species, i.e. that of Spilosoma imparilis NPV in S. imparilis , Hyphantria cunea NPV in . The number of dead larvae as a ratio of the number of live larvae in the same row followed by the letter, a, does not differ significantly at the level of pϽ0.05 as determined by the chi-square test.
H. cunea (our unpublished data) and Autographa californica NPV in Helicoverpa zea (our unpublished data) other than BmNPV in B. mori, although we have not yet examined the spectrum of AcEPV spindle activity well. AcEPV spindles should enhance the infectivity of NPVs in insects whose peritrophic membranes function as barriers against the infection of the hosts by NPVs.
Our results strongly suggest that spindles are sufficiently resistant to various abiotic factors, including environmental factors, to make them promising candidate synergists for various insect-virus insecticides.
